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C BY-NC-Abstract Chemistry of hybrid nanocomposites depends mainly on their reactivity and structural
relationship. This review mainly reports on the processing techniques of inorganic–organic hybrid
nanocomposites and their natural reactivity. Herein, the structure, processing methods and proper-
ties of nanocomposites with three different types of matrices are discussed in general. The perusal of
this review enables the researchers to design a novel and simple route in processing the hybrid nano-
composites.
ª 2011 King Saud University. Production and hosting by Elsevier B.V.Open access under CC BY-NC-ND license.1. Introduction
The development of inorganic–organic hybrid materials is
especially trendy in the last decade. This is attested by the ever
growing number of symposia, books, and specialised journals
that are devoted to this subject. They parallel the intensive re-
search activity in complex systems at the atomic/molecular
scale (nanometre scale) of organic species of diverse function-
ality with inorganic entities, generally based on silica or sili-92451 65958; fax: +91 4562
.in (N. Raman).
y. Production and hosting by
Saud University.
lsevier
ND license.cates. By deﬁnition, composite materials are solids resulting
from the combination of two or more simple materials that de-
velop a continuous phase (polymer, metal, ceramic, etc.), and a
dispersed phase, such as glass ﬁbres, carbon particles, silica
powder, clay minerals, etc. In addition they have properties
that are essentially different from the components taken sepa-
rately. Within the vast collection of inorganic–organic hybrid
materials, nanocomposites are an emerging group that re-
ceived a great deal of attention not only because of their poten-
tial in industrial applications but also from their fundamental
point of view (Ruiz-Hitzky et al., 1995, 2004). Even though,
some reviews have been published on the synthesis of nano-
composites (Alexandre and Dubois, 2000; Sinha Ray and
Okamoto, 2003; Ruiz-Hitzky et al., 2004; Pavlidou and Papa-
spyrides, 2008), there were no reviews about their structural
reactivity.
A well-accepted deﬁnition of nanocomposites is that the
dispersed particles have at least one dimension in the nanome-
tre range (nanoﬁllers). Polymers toughened with such nano-
sized inorganic ﬁllers constitute a new class of materials of
meticulous signiﬁcance. The inorganic nanoparticles dispersed
in polymers play a speciﬁc role in enhancing mechanical
Table 1 Feature sizes for signiﬁcant changes in properties
reported in nanocomposite systems.
Properties Feature size (nm) at
which changes might be
expected
Making hard magnetic materials soft <20
Producing refractive index changes <50
Producing super-paramagnetism
and other electromagnetic phenomena
<100
Producing strengthening and toughening <100
Modifying hardness and plasticity <100
Table 2 Different types of nanocomposites.
Class Examples
Metal Fe–Cr/Al2O3, Ni/Al2O3, Co/Cr, Fe/MgO,
Al/CNT, Mg/CNT
Ceramic Al2O3/SiO2, SiO2/Ni, Al2O3/TiO2, Al2O3/SiC, Al2O3/CNT
Polymer Thermoplastic/thermoset polymer/layered silicates,
polyester/TiO2, polymer/CNT, polymer/layered
double hydroxides
340 N. Raman et al.(Soundararajah et al., 2009; Russo et al., 2007; Ahmadi et al.,
2004), thermal (Cai et al., 2008; Agag et al., 2001; Mohaddes-
pour et al., 2008) and chemical (Yeh et al., 2002) properties of
the polymer matrices much more efﬁciently than the polymers
comprising particles of micrometric size (called here ‘‘micro-
composites’’). Consequently, the main advantage of nanocom-
posites is that their enhanced properties can be obtained with a
minimum quantity of ﬁller (Wu et al., 2003; Su et al., 2004; Lu
et al., 2005; Zhang et al., 2003). Among other systems, polymer
nanocomposites (Fig. 1) are of major interest due to the very
large aspect ratio of the layered silicates (Lebaron et al.,
1999; Ahuja et al., 2007; De Azeredo, 2009). Nanocomposite
materials have emerged as suitable alternatives to overcome
limitations of microcomposites and monolithics, while posing
technical challenges related to the control of elemental compo-
sition and stoichiometry in the nanocluster phase. It has been
reported that changes in particle properties can be observed
when the particle size is less than a particular level, i.e., called
‘the critical size’ (Table 1) (Wypych et al., 1997).
Additionally, as dimensions reach the nanometre level (Ra-
man and Joseph, 2009), interactions at phase interfaces be-
come largely improved, and this is important to enhance
materials properties. To successfully adopt these nanocompos-
ite into real-life applications, much attention should be paid on
several aspects: (1) precisely controlling their manufacturing
process; (2) understanding their chemical and physical charac-
teristics during mixing with other substances in different tem-
perature and pressure conditions and their bonding
mechanisms; (3) identifying their mechanical, thermal and elec-
trical properties using different means; and (4) theoretically
and computationally evaluating the structural responses of
composites subjected to different types of load. One of the ma-
jor aims of the special issue on nanocomposites is to bring to-
gether the independent efforts by researchers from different
science and engineering disciplines into one volume. However,
the processing–structure–property relationships of multiwall
carbon nanotube epoxy nanocomposites processed with a
magnetic ﬁeld have been studied (Abdalla et al., 2010). Hence,
the surface area/volume ratio of the reinforced materials em-
ployed in the preparation of nanocomposites is essential in
understanding of their structure–property relationships.
According to their matrix materials, nanocomposites can be
classiﬁed into three different categories as shown in Table 2:
(i) ceramic matrix nanocomposites (CMNC);
(ii) metal matrix nanocomposites (MMNC); and
(iii) polymer matrix nanocomposites (PMNC).
Nanocomposite systems armored with carbon nanotubes
(CNTs) have been extensively studied since the 1990s and
accordingly, there has been a steady and continuous increase
in the number of publications on the subject, including reviews
from time to time (Awaji et al., 2002; Ounaies et al., 2003). In
spite of this growth, the majority of the reviews describe theFigure 1 Formation of nanocomposites.current status of only one type of nanocomposite. Recent
developments in the preparation, characterization and proper-
ties, including crystallization behaviour and melt rheology of
both the matrix and the layered (montmorillonite) nanocom-
posites have been discussed (Awaji et al., 2002; Ounaies
et al., 2003; Ahmadi et al., 2009). Similarly, an emphasis on
toughness and interfacial bonding between CNTs and polymer
matrices is critically discussed (Pandey et al., 2005a,b) to
underline the stress transfer from the matrix and the potential
of these composites for possible macroscale CNT–polymer
production. Here, problems encountered so far are considered,
and hints given regarding a critical volume fraction of CNTs to
get appropriate strengthening (as observed in microcompos-
ites), possible failure mechanisms in such composites are also
presented. Finally, to the best of our knowledge, and in view
of the very limited work on the reactivity of matrix materials,
a more general review comprising the three different kinds of
nanocomposites (metal-based, ceramic-based and polymer-
based) has been carried out here.
The potential of ceramic matrix nanocomposites (CMNC),
mainly the Al2O3/SiC system, was revealed by the pioneering
work of Nakahira and Niihara (1992). Most studies reported
so far have conﬁrmed the noticeable strengthening of the
Al2O3 matrix after addition of a low (i.e., 10%) volume frac-
tion of SiC particles of suitable size and hot pressing of the
resulting mixture. Some studies have explored this toughening
mechanism based on the crack-bridging role of the nanosized
reinforcements (Tjong and Wang, 2004). Consequently, the
incorporation of high strength nanoﬁbres into ceramic matri-
ces has allowed the preparation of advanced nanocomposites
with high toughness and superior failure characteristics com-
pared to the sudden failures of ceramic materials (Athawale
et al., 2003).
Metal matrix nanocomposites (MMNC) refer to materials
consisting of a ductile metal or alloy matrix in which some
nanosized reinforcement material is implanted. These materi-
als combine metal and ceramic features, i.e., ductility and
toughness with high strength and modulus. Thus, metal matrix
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with high strength in shear/compression processes and high
service temperature capabilities. They show an extraordinary
potential for application in many areas, such as aerospace
and automotive industries and the development of structural
materials (Akita and Hattori, 1999).
However, polymer materials have some disadvantages, such
as low modulus and strength compared to metals and ceram-
ics, they are widely used in industry due to their ease of pro-
duction, lightweight and often ductile nature. In this context,
a very effective approach to improve mechanical properties
is to add ﬁbres, whiskers, platelets or particles as reinforce-
ments to the polymer matrix. For example, polymers have
been ﬁlled with several inorganic compounds, either synthetic
or natural, in order to increase the heat and impact resistance,
ﬂame retardancy and mechanical strength, and to decrease the
electrical conductivity and gas permeability with respect to
oxygen and water vapour (Andrews and Weisenberger, 2004).
Furthermore, metal and ceramic reinforcements offer strik-
ing routes to certain unique magnetic, electronic, optical or
catalytic properties coming from inorganic nanoparticles,
which add to other polymer properties, such as processibility
and ﬁlm forming capability (Wang et al., 2004; Ahmadi
et al., 2009). Using this approach, polymers can be improved
while keeping their lightweight and ductile nature (Xie et al.,
2005; Akita et al., 1999; Chang and An, 2002; Zavyalov
et al., 2002; Thompson et al., 2003; Liu et al., 2004). Another
important aspect is that nano-scale reinforcements have an
exceptional potential to generate new phenomena, which leads
to special properties in these materials as will be seen later. It
may be pointed out that the reinforcing efﬁciency of these
composites, even at low volume fractions, is comparable to
40–50% for ﬁbres in microcomposites (Alexandre and Dubois,
2000). Addition of reinforcements to a wide variety of polymer
resins produces a dramatic improvement in their biodegrad-
ability. This underlines a good example of polymer matrix
nanocomposites [PMNC] as a promising system for ecofriend-
ly applications (Bordes et al., 2009; Chiang and Wu, 2010).
Rajesh et al. also have reﬁned the above results by sharpen-
ing their review over the development of nano-structured con-
ducting polymers/nanocomposites for sensor and biosensor
applications (Rajesh et al., 2009; Ahuja et al., 2007). In addi-
tion, applications of polymer nanocomposites on food technol-
ogy have been reported recently (Brody, 2003, 2006, 2007; De
Azeredo, 2009). Finally the synthesis of biodegradable nano-
composites is considered crucial in this view (Chiang and
Wu, 2010).
On the whole, opportunities and rewards appear to be enor-
mous with nanocomposites and hence there is a tremendous
worldwide interest in these materials.
2. Processing of nanocomposites
2.1. Raw materials
As with microcomposites, CMNC matrix materials include
Al2O3, SiC, SiN, etc., while metal matrices employed in MMNC
are mainly Al, Mg, Pb, Sn,W and Fe, and a whole range of poly-
mers, e.g. vinyl polymers, condensation polymers, polyoleﬁns,
speciality polymers (including a variety of biodegradable mole-
cules) are used in PMNC. In general, nanocomposites are noth-ing but the reinforcement within the nanosized materials by
inorganic/organic ﬁllers. Both synthetic and natural crystalline
reinforcements have been used, such as Fe and other metal pow-
ders, clays, silica, TiO2 and other metal oxides, although clays
and layered silicates are the most common (Rajesh et al., 2009;
Adame and Beall, 2009; Ahuja et al., 2007). This is so due to their
availability with very low particle sizes and well-known interca-
lation chemistry (De Azeredo, 2009). Most of these reinforce-
ments are prepared by known techniques: chemical,
mechanical (e.g. ball milling), vapour deposition, etc.
Nanoparticles and other nanoscaled materials, such as car-
bon nanotubes (CNTs) are the starting materials for the syn-
thesis of a variety of advanced (nano)structures, including
structural and functional coatings, thick and thin ﬁlms, bio-ac-
tive materials as well as laminated and functionally graded
materials of high microstructural homogeneity (Boccaccini
et al., 2010). CNTs are prepared mostly by chemical/vapour
deposition methods and details are available elsewhere. CNTs
consist of graphene cylinders and are available in two varieties,
as single walled (SWCNT) and multiwalled (MWCNT), with
about 70% yield in the case of SWCNT (Rajesh et al., 2009).
While SWCNTs are single graphene cylinders, MWCNTs con-
sist of two or more concentric cylindrical sheets of graphene
around a central hollow core. Both types exhibit physical char-
acteristics of solids, either metallic or semiconducting in nat-
ure, with microcrystallinity (Ferroni et al., 2001).
Surface modiﬁcations (or) reinforcements are carried out to
give homogeneous distribution with less agglomeration, and to
improve interfacial bonding between the matrix and the nano-
sized reinforcements. Details on these can be found in the ref-
erences given for each type of nanocomposites in later sections.
In the case of CNTs, use of surfactants, oxidation or chemical
functionalizations of surfaces are some of the techniques em-
ployed (Pandey et al., 2005a,b). Chemical methods may be
more effective, particularly for polymer and ceramic matrices.
Physical blending and in situ polymerization are used for
improving dispersion in the case of CNT-reinforced polymer
composites, while alignment of CNTs could be achieved by
techniques, such as ex situ techniques (ﬁltration, template
and plasma-enhanced chemical vapour deposition, force
ﬁeld-inducements, etc.) (Alexandre and Dubois, 2000). Most
of the processing techniques of the three types of nanocompos-
ites remain almost the same as in microcomposites. This is also
true even for CNT-reinforced composites.
2.1.1. Ceramic matrix nanocomposites (CMNC)
Ceramics can sustain high temperature and have high hard-
ness, but the most noted shortcoming is its inherent brittleness
and highly insulating behaviour, which has limited its extensive
applications (Prewo, 1989). Thus CNTs are considered to be a
promising component of a new class of CNT–ceramic compos-
ites, which may offer high mechanical, electrical and thermal
performances unattainable from current composite materials.
CNT-reinforced ceramic nanocomposite (Fig. 2) has become
an intriguing ﬁeld of intense research. Most of the attempts
have been made to improve the mechanical properties of com-
posites through incorporating CNTs (Zhan et al., 2003). The
advanced ceramics have been developed and are expected to
ﬁnd wider applications in so many ﬁelds.
However some ceramic materials are used as the cutting
tools in high-speed machining owing to their good wearing
Figure 2 SEM micrograph of CNT reinforced nanocomposites.
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and oxidation resistance. Because of a good combination of
these excellent properties, silicon nitride is one of the most
promising candidate materials for the cutting tools of high-
speed machining. Many studies about Si3N4/SiC nanocompos-
ites were developed since Nakahira and Niihara (1992) re-
ported an improvement in their ﬂexural strength. However,
Si3N4/SiC nanocomposites were not used as the cutting tools
because their fracture toughness was still not improved. The
fracture toughness was poor because of the lack of crack inter-
actions with the elongated grains in materials. These studies
laid the foundation for understanding the preparation and
characteristics of Si3N4-based nanocomposites. However,
nano-scale TiN grains have a smaller nano-scale grain size
and better toughness than Si3N4 and Al2O3, and inﬂuenced
the mechanical behaviour of materials by changing theirTable 3a Processing methods for ceramic nanocomposites.
Method System
Powder
process
Al2O3/SiC
Polymer
precursor
process
Al2O3/SiC, SiN/SiC
Sol–gel
process
SiO2/Ni, ZnO/Co, TiO2/Fe2O
TiO2, Al2O3/SiC, TiO2/Al2O
Al2O3/SiO2/ZrO2, TiO2/Fe2T
Al2O3microstructure. Furthermore, numerous methods have been
employed for the preparation of ceramic matrix nanocompos-
ites (Boccaccini et al., 2010). The widespread methodologies,
as used for microcomposites, are conventional powder meth-
od; polymer precursor route; spray pyrolysis; vapour tech-
niques (CVD and PVD) and chemical methods, which
include the sol–gel process, colloidal and precipitation ap-
proaches and the template synthesis. Table 3a lists systems pre-
pared by some of these methods; Table 3b shows their
advantages and limitations.
Scheme 1a depicts the conventional powder method and
Scheme 1b illustrates the polymer precursor route used in the
synthesis of an Al2O3/SiC nanocomposite (Kumari et al.,
2008). A large variety of parameters affecting the sol–gel pro-
cess, such as type of solvent, timing, pH, precursor, water/me-
tal ratio, etc., allow a versatile control of structural andProcedure
(i) Selection of raw materials [mostly powders –
small average size, uniformity and high purity];
(ii) mixing by wet ball milling or attrition
milling techniques in organic or aqueous media;
(iii) drying by heating, using lamps and/or
ovens, or by freeze-drying; (iv) consolidation of
the solid material by either hot pressing or gas
pressure sintering or slip casting or injection
moulding and pressure ﬁltration
Mixing a Si-polymeric precursor with the
matrix materialﬁ pyrolysis of the mixture
using a microwave oven, generating the
reinforcing particles
3, La2O3/
3, Al2O3/SiO2,
iO5, NdAlO3/
Hydrolysis and polycondensation reactions of
an (in)organic molecular precursor dissolved in
organic media. Reactions lead to the formation
of three-dimensional polymers containing
metal–oxygen bonds (sol or gel)ﬁ drying to get
a solid material and further consolidation by
thermal treatment
Table 3b Advantages and limitations of ceramic nanocomposite processing methods.
Method Advantages Limitations
Powder
process
Simple Low formation rate, high temperature, agglomeration, poor phase
dispersion, formation of secondary phases in the product
Polymer
precursor
process
Possibility of
preparing ﬁner
particles
Inhomogeneous and phase-segregated materials due to
agglomeration and dispersion of ultra-ﬁne particles
Sol–gel
process
Better
reinforcement
dispersion
Simple, low processing temperature; versatile; high chemical
homogeneity; rigorous stoichiometry control; high purity products;
formation of three-dimensional polymers containing metal–oxygen
bonds. Single or multiple matrices. Applicable speciﬁcally for the
production of composite materials with liquids or with viscous ﬂuids
that are derived from alkoxides
Scheme 1 (a) Conventional powder processing. (b) Polymer
precursor route.
Scheme 2 Schematic illustration of SPS apparatus.
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2009).
2.1.2. Metal matrix nanocomposites (MMNC)
The most common techniques for the processing of metal ma-
trix nanocomposites are spray pyrolysis; liquid metal inﬁltra-
tion; rapid solidiﬁcation; vapour techniques (PVD and
CVD); electrodeposition and chemical methods, which include
colloidal and sol–gel processes.
Metal matrix composites (MMCs) with high reinforcement
volume fractions are used for thermal management applica-
tions due to their excellent thermo-physical properties, tailor-
able thermal expansion and low density. Particularly, Al
matrix composites containing high volume fractions of SiC
particles (SiCp/Al) composites are receiving the most attention
as potential candidates for a variety of uses in advanced elec-
tronic packaging and are currently competing with established
materials, such as Cu/W or Cu/Mo in the electronic packaging
industry (Zweben, 2005). As has been reported so far, SiCp/Al
composites with high SiCp volume fraction are mainly pre-
pared by inﬁltration of liquid metal into the ceramic performs
(Molina et al., 2005; Chu et al., 2009a,b). This process often
uses Al-alloys with an addition of Si and Mg to avoid the for-
mation of interfacial reaction products such as Al4C3, which
has a detrimental effect on the thermo-mechanical properties
of the composites. Nevertheless, the dissolved Si and Mg de-crease the matrix thermal conductivity leading to a low ther-
mal conductivity of the composites. Spark plasma sintering
(SPS) (Scheme 2) applied as a new method for preparing high
performance of SiCp/Al composites has been reported recently
(Yang et al., 2006).
The main advantage of the SPS process is that it allows fab-
rication of bulk materials using relatively short sintering times
at low temperatures (Sa´ncheza et al., 2009), which has been
known to be very beneﬁcial in the prevention of Al4C3 at the
interface. However, a small portion of pores can always appear
as an unavoidable phase in SiCp/Al composites during the SPS
process, which is linked to the non-wetting nature of SiC and
aluminium, resulting in weak ceramic–metal interfaces and
incomplete sintering, especially at elevated particle volume
fraction. Pores can severely degrade the thermal conductivity
of the composites due to scattering of the heat ﬂow (Kumari
et al., 2008). Although the effective thermal conductivity of
SiCp/Al composites has been extensively investigated consider-
ing different parameters, such as particle shape, size, size distri-
bution, volume fraction and interfacial thermal resistance
(ITR) (Nan et al., 1997; Kawai, 2001; Gui et al., 2005; Euh
and Kang, 2005; Molina et al., 2008), very limited theoretical
work (Molina et al., 2009) has been developed to quantita-
tively characterize the effect of porosity on the thermal con-
Figure 3 SEM micrographs of SPS consolidated SiCp/Al composites under various sintering conditions: (a) 60 vol.% 40 lm SiCp under
a pressure of 50 MPa sintered at 560 C (50 MPa/560 C) (free of pores); (b) 58 vol.% 40 lm SiCp, 45 MPa/560 C (porosity n= 2.6%);
(c) 53 vol.% 40 lm SiCp, 40 MPa/540 C (n= 12.5%); (d) 55 vol.% 100 lm SiCp, 50 MPa/560 C (free of pores).
344 N. Raman et al.duction properties of these composites, especially in compari-
son with theoretical analysis and experimental results on the
composites thermal conductivity associated with the porosity.
We, therefore, focus in this contribution on the effect of poros-
ity on the thermal conductivity of SiCp/Al composites with
high volume fabrication. A reasonable model is proposed in
the framework of the effective medium approximation scheme.
For the purposes of assessing the predictive capacity, the pres-
ent analytical model is then compared to an existing model of
two-step Hasselman–Johnson approach (Molina et al., 2009)
and experimental results for the thermal conductivity of SPS
consolidated SiCp/Al composites (Fig. 3) with various levels
of porosity (Yang et al., 2006). Various calculational methods
are used to determine the relevant parameters of the compos-
ites, i.e., the thermal conductivity of constituents and the inter-
facial thermal conductance.
Only few reports are found on nanocomposites prepared by
solidiﬁcation techniques. The ﬁrst one, by Branagan et al.
(2000), is called ‘‘devitriﬁed nanocomposite steel’’. This was
obtained by quenching the metallic glass obtained from a
Fe-based alloy, followed by devitrifying the glass precursor
through heat treatment above its crystallization temperature.
This resulted in a material showing a crystalline multi-phase
microstructure. The formation of nanophases was explained
by the high nucleation frequency within the limited time for
growth of grains before impingement. In order to explain the
very high hardness of these Fe-based nanocomposites, Brana-
gan and Tang (2002) studied novel nanostructures obtained in
bulk Fe alloys by designing alloy compositions with different
amounts of W and C to get maximum solubility. Use of ultra-sound helped to improve the wettability between the matrix
and the particles.
2.1.3. Polymer matrix nanocomposites (PMNC)
Various methods have been described for the preparation of
polymer nanocomposites, including layered materials and
those containing CNTs (Schmid, 2004). At present there are
four principal methods for producing polymer–layered silicate
nanocomposites: (1) in situ template synthesis, (2) intercalation
of polymer or prepolymer from solution, (3) in situ intercala-
tive polymerization and (4) melt intercalation (Alexandre
and Dubois, 2000; Fornes et al., 2001; Kim et al., 2001a,b;
Dennis et al., 2001).
2.1.3.1. Template synthesis (sol–gel technology). In this tech-
nique, the clay minerals are synthesized within the polymer
matrix, using an aqueous solution (or gel) containing the poly-
mer and the silicate building blocks. As precursors for the clay
silica sol, magnesium hydroxide sol and lithium ﬂuoride are
used. During the process, the polymer aids the nucleation
and growth of the inorganic host crystals and gets trapped
within the layers as they grow. Although theoretically this
method has the potential of promoting the dispersion of the
silicate layers in a one-step process, without needing the pres-
ence of the onium ion, it presents serious disadvantages. First
of all, the synthesis of clay minerals generally requires high
temperatures, which decompose the polymers. An exception
is the synthesis of hectorite-type clay minerals which can be
performed under relatively mild conditions. Another problem
is the aggregation tendency of the growing silicate layers.
Figure 4 Schematic representation of in situ intercalative
polymerization.
Scheme 3 Schematic representation of formation of exfoliated
layered silicates.
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sis of double-layer hydroxide-based nanocomposites, is far less
developed for layered silicates and will not be considered in the
following discussion. However, it should be mentioned that
several workers have successfully applied it for the preparation
of nanocomposite materials. Evidently, some silicate layers
aggregated, but most of them remained uniformly distributed
in the polymer matrix (Alexandre and Dubois, 2000; Lagaly,
1999; Zanetti et al., 2000).
2.1.3.2. Intercalation of polymer or prepolymer from solution.
Following this technique, the layered silicate is exfoliated into
single layers using a solvent in which the polymer (or prepoly-
mer in case of insoluble polymers, such as polyimide) is solu-
ble. It is well known that such layered silicates, owing to the
weak forces that stack the layers together can be easily dis-
persed in an adequate solvent. After the organoclay has swol-
len in the solvent, the polymer is added to the solution and
intercalates between the clay layers. The ﬁnal step consists of
removing the solvent, either by vapourisation, usually under
vacuum, or by precipitation. Upon solvent removal the sheets
reassemble, sandwiching the polymer to form a nanocomposite
structure. Under this process are also gathered the nanocom-
posites obtained through emulsion polymerization where the
layered silicate is dispersed in the aqueous phase. The major
advantage of this method is that intercalated nanocomposites
can be synthesized that are based on polymers with low or even
no polarity. However, the solvent approach is difﬁcult to apply
in industry owing to problems associated with the use of large
quantities of solvents (Alexandre and Dubois, 2000).
2.1.3.3. In situ intercalative polymerization. In situ-polymeriza-
tion was the ﬁrst method used to synthesize polymer–clay
nanocomposites based on polyamide. In this technique, the
modiﬁed layered silicate is swollen by a liquid monomer or a
monomer solution. The monomer migrates into the galleries
of the layered silicate, so that the polymerization reaction
can occur between the intercalated sheets. The reaction can
be initiated either by heat or radiation, by the diffusion of a
suitable initiator or by an organic initiator or catalyst ﬁxed
through cationic exchange inside the interlayer before the
swelling step by the monomer. Polymerization produces
long-chain polymers within the clay galleries. Under condi-
tions in which intra- and extra-gallery polymerization rates
are properly balanced, the clay layers are delaminated and
the resulting material possesses a disordered structure
(Fig. 4) (Alexandre and Dubois, 2000; Solomon et al., 2001).
2.1.3.4. Melt intercalation. This technique consists of blending
the layered silicate with the polymer matrix in the molten state.
Under such conditions, if the layer surfaces are sufﬁciently
compatible with the chosen polymer – the polymer can crawl
into the interlayer space and form either an intercalated or
an exfoliated nanocomposite (Scheme 3) (Alexandre and Du-
bois, 2000; Solomon et al., 2001). Among the aforementioned
methods, in situ polymerization and melt intercalation are con-
sidered as commercially attractive approaches for preparing
polymer/clay nanocomposites.
2.1.3.5. Intercalation of polymer from solution. Intercalation of
a polymer from a solution is a two-stage process in which the
polymer replaces an appropriate, previously intercalated sol-vent, as shown in Fig. 5. Such a replacement requires a nega-
tive variation in the Gibbs free energy. It is thought that the
diminished entropy due to the conﬁnement of the polymer is
compensated by an increase due to desorption of intercalated
solvent molecules. In other words, the entropy gained by
desorption of solvent molecules is the driving force for poly-
mer intercalation from solution (Vaia and Giannelis, 1997;
Figure 5 Schematic representation of PLS obtained by interca-
lation from solution.
346 N. Raman et al.Arada and Ruiz-Hitzky, 1990, 1992; Tunney and Detellier,
1996; Fischer et al., 1999; Theng, 1979).
Even though this technique has been mostly used with
water soluble polymers, such as PEO, PVE, PVP and PAA
(Lagaly, 1999; Ogata et al., 1997a,b; Parﬁtt and Greenland,
1970; Ruiz-Hitzky et al., 1995; Levy and Francis, 1975; Billing-
ham et al., 1997; Zhao et al., 1989), intercalation from non-
aqueous solutions has also been reported (Ogata et al.,
1997a,b; Jeon et al., 1998; Jimenez et al., 1997; Srivastava
et al., 2006). For example, HDPE-based nanocomposites have
been prepared by dissolving HDPE in a mixture of xylene and
benzonitrile with dispersed OMLS. The nanocomposite was
then recovered by precipitation from THF (Jeon et al.,
1998). PS/OMLS exfoliated nanocomposites have also been
prepared by the solution intercalation technique, by mixing
pure PS and organophilic clay with adsorbed cetyl pyridium
chloride (Tseng et al., 2001). Similarly, several studies have fo-
cused on the preparation of PLA-layered silicate nanocompos-
ites using intercalation from solution. The ﬁrst attempt by
Ogata et al. (1997a,b), involved dissolving the polymer in hot
chloroform in the presence of organomodiﬁed MMT. How-
ever, TEM and WAXD analyses revealed that only microcom-
posites were formed and that an intercalated morphology was
not achieved. In a later study, Krikorian and Pochan (2003)Figure 6 SEM micrograph ofprepared PLA nanocomposites (Fig. 6) using dichloromethane
as the polymer solvent and as the OMLS dispersion medium.
The authors obtained intercalated or exfoliated nanocompos-
ites, depending on the type of OMLS used. That is, exfoliated
nanocomposites were formed when diols were present in the
organic modiﬁer of the clay, due to the favourable enthalpic
interaction between these diols and the C‚O bonds in the
PLA backbone.
Chang et al. (2003) reported the preparation of PLA-based
nanocomposites with different kinds of OMLS via solution
intercalation using N,N0-dimethylacetamide (DMA). In the
case of polymeric materials that are infusible and insoluble
even in organic solvents, the only possible route to produce
nanocomposites with this method is to use polymeric precur-
sors that can be intercalated in the layered silicate and then
thermally or chemically converted to the desired polymer
(Alexandre and Dubois, 2000; Yano et al., 1993). Summarising
the above, although a number of nanocomposites have been
produced by intercalation from solution, representative exam-
ples are presented in Table 4 (Krikorian and Pochan, 2003;
Chang et al., 2003; Yano et al., 1993; Manias et al., 2000;
Strawhecker and Manias, 2000; Finnigan et al., 2004; Gins-
burg and Balazs, 2000; Choi et al., 2001; Hackett et al.,
1998; Sur et al., 2001). It is important to note that, in using this
method, intercalation only occurs for certain polymer/clay/sol-
vent systems, meaning that for a given polymer one has to ﬁnd
the right clay, organic modiﬁer and solvents (Alexandre and
Dubois, 2000; Ray and Bousima, 2005). Moreover, from the
industrial point of view, this method may involve the copious
use of organic solvents, which is usually environmentally un-
friendly, and economically prohibitive (Ray and Bousima,
2005).
The most prominent one is probably the incorporation of
inorganic building blocks in organic polymers. Here, the poly-
mer–layered silicate nanocomposites are prepared by incorpo-
rating ﬁnely dispersed layered silicates in the polymer matrix
(Fig. 1). Either mechanical blending of the nanoclay and the
polymer or in situ polymerization of monomers in the presence
of the layered silicates are the methods usually applied for the
preparation of such nanocomposites. In general, two idealized
polymer–layered silicate nanostructures are possible: interca-
lated and exfoliated, the greatest property changes being ob-PLA-based nanocomposites.
Table 4 PLS nanocomposites prepared by intercalation from
solution.
Nanocomposite Solvent(s)
PVOH/Na+-MMT Water
PVA/Na+-MMT Water
TPU/OMLS Toluene/DMAc
PEO/Na+-MMT or Na+-hectorite Acetonitrile
PEO/MMT Chloroform
PLA/OMLS Dichloromethane
PLA/OMLS DMAc
HDPE/protonated dodecylamine
modiﬁed MMT
Xylene/benzonitrile
(80/20 wt.%)
PSF/OMLS DMAC
PI/dodecylammonium modiﬁed MMT DMAC
Scheme 4 Nanocomposites derived from interactions between
layered silicates and polymers.
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Gorrasi et al., 2002; Pavlidou and Papaspyrides, 2008). Such
exfoliated structures consist of individual nanometre-thick sil-
icate layers dispersed in a continuous polymer matrix resulting
from extensive polymer penetration and delamination of the
original silicate microcrystallites. However, the nanolayers
are not easily dispersed in most of cases due to their preference
to be face-to-face stacked in agglomerated tactoids (Fischer,
2003).
Intercalated hybrids characterized by a ﬁnite expansion of
the interlayer silicate spacing resulting from the penetration
of polymer chains into the layered silicate galleries are much
more easily attainable. These consist of more or less ordered
alternating polymer/silicate layers with a repeating distance
of a few nanometres. In practice, many systems fall short of
the idealized exfoliated morphology. More commonly, par-
tially exfoliated nanocomposites, containing small stacks of
2–4 layers uniformly dispersed in the polymer medium, are ob-
tained (Huang et al., 2000). In order to improve the exfoliated
structure, a new preparation technique based on the use of
masterbatches has been recently developed. In this, the nano-
composite is prepared by blending the polymer with a highly
silicate ﬁlled composite made of a premixed/dispersed polymer
known to behave as a compatibilizer for the polymer matrix.
Such a masterbatch strategy has been used successfully withFigure 7 SEM micrograph of polymepolyvinylchloride, chlorinated polyethylene and polylactide
along with others (Gonzalez-Vidal et al., 2008, 2010).
Intercalative processes employed for the preparation of
polymer-based nanocomposites (Fig. 7), including those con-
taining layered silicates, are shown in Scheme 4. It may be
noted that, in this method, a range of nanocomposites with
structures from intercalated to exfoliated can be obtained,
depending on the degree of penetration of the polymer chains
into the silicate galleries. As a result, this procedure has be-
come the standard for the preparation of polymer–layered sil-
icate combinations (Gonzalez-Vidal et al., 2008, 2010).
Different investigators have employed various equipments
and techniques for the characterization of nanocomposites,
including atomic force microscopy (AFM), scanning tunnel-
ling microscopy (STM), Fourier transformed infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
nuclear magnetic resonance (NMR), differential scanning cal-
orimetry (DSC), scanning and transmission electron micros-
copy (SEM/TEM), etc. Simultaneous small angle X-ray
scattering (SAXS) and X-ray diffractometry (XRD) studies
have been recently used for quantitative characterization ofr matrix nanocomposites (PMNC).
Figure 8 Equilibrium shapes of small fcc metal particles.
348 N. Raman et al.nanostructures and crystallite structures in some nanocompos-
ites. In addition, theoretical calculations/simulations have been
worked out to predict strength properties, including stress/
strain curves (Cury Camargo et al., 2009).
3. Reactivity of nanocomposites
Chemical reactivity can be signiﬁcantly modiﬁed by using
materials in the form of nanoparticles/nanocomposites rather
than bulk materials as a way of reducing the number of atoms
used. Such modiﬁcations are associated with the intrinsic ef-
fects of using very small particles, such as non-standard struc-
ture and speciﬁc electronic properties, and also with the
presence of a large number of low-coordination sites, such as
corners and edges. These kind of effects are usually grouped
together under the heading of size effects in catalysis, but they
are sometimes also referred to as structural sensitivity (Martin,
1988).
To implement such nanocomposites, one requires a pow-
dered support with high speciﬁc area. The choice and prepara-
tion of this support must be tailored to the type of reactor and
the desired reaction. The support can induce electronic and
structural effects on the supported nanoparticles which will
modify their reactivity. It may itself be directly involved in
the catalytic process. Migration from the support to the parti-
cle may also favour the formation of a compound with novel
properties via the strong metal support interaction (SMSI).
The performance of a catalyst in terms of activity, selectiv-
ity and stability are also modiﬁed by alloying effects when a
second metallic partner is introduced (Martin, 1988). Apart
from intrinsic changes in reactivity due to modiﬁcations in-
duced by chemical binding between the two partners, other
parameters may prove relevant in a catalytic process. Indeed,
the active site often comprises not just one but a group of
atoms and the activity will be altered by the effects of dilution,
even if the partner is inactive (Baletto et al., 2002). This param-
eter may inﬂuence the selectivity when several reactions occur-
ring in parallel do not require the same number and/or the
same arrangement of surface atoms at the active site. Comple-
mentary chemical reactivity of the different elements present
on the particle surface with regard to the various reactants
can also, by synergy, greatly amplify the reactivity of small al-
loy particles. These effects of size, support and alloying can be
exploited to design and/or synthesize tailor-made catalysts
with better performance, i.e., more active and/or more selec-
tive, but there can be drawbacks, e.g., catalyst grains may be
partly deactivated in certain reactions. In each case, the effects
will be illustrated by examples of relevant catalytic reactions.
The transition from the cluster containing several atoms to
the nanoparticles comprising several tens of atoms to several
hundred atoms will be discussed ﬁrst. We shall then consider
a few speciﬁc properties of nanoparticles which govern their
chemical reactivity in chemisorption and catalysis through
their intrinsic electronic and geometrical properties (Bertolini,
2000).
3.1. Structural properties
3.1.1. From molecular clusters to particles
For very small sizes of nanometric order, a cluster is not nec-
essarily anything like a simple chunk cut off from the corre-sponding crystal. In its quest for stability, the nano-scale
cluster may even assume as quasicrystals, including the icosa-
hedron (with a C5 symmetry axis) and the truncated decahe-
dron amongst others (Fig. 8).
As the particle size increases, structural changes thus occur
so as to leave the system in the most favourable energy state. It
should be noted that the size corresponding to such modiﬁca-
tions depends to a large extent on the metal. For example, in
the case of copper or silver, the icosahedral form is the most
stable up to several hundred atoms, whereas the fcc structure
(i.e., the structure of the bulk crystal) of the truncated cubo-
octahedron is already the most stable for a few tens of atoms
in the case of Pd, Pt or Au (Baletto et al., 2002).
3.1.2. Dispersion and equilibrium shape of face-centred cubic
nanoparticles
The equilibrium shape expected for a metal particle with fcc
structure is generally a cube truncated to form a cubo-octahe-
dron, as shown in Fig. 9 for a nanoparticle containing 586
atoms. Recall that the fcc structure is the one found in the no-
ble metals (Cu, Ag and Au) and the d metals at the end of the
transition series (Ni, Pd and Pt), widely used in catalysis. As
the particle size changes, the dispersion, i.e., the ratio of the
number of surface atoms to the total number of atoms, will
change, and so will the nature and number of sites with speciﬁc
positions on faces, edges and corners. These sites have different
coordination numbers, i.e., different numbers of nearest neigh-
bours. The coordination, with value 12 for an atom in the
bulk, can take a range of values at the surface: 9 for close-
packed (1 1 1) facets, 8 for (1 0 0) faces, 7 for atoms on edges
and 6 for atoms at corners in fcc metals.
Moreover, the environment of the different surface atoms
with the same coordination can vary depending on their posi-
tion. This is the case for the atoms with coordination 7 that
can be seen in Fig. 9, considering on the one hand the edges
joining two close-packed facets of type (1 1 1) where there is
Figure 9 Cubo-octahedron, the equilibrium shape of an fcc
crystal comprising 586 atoms.
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hand, the edges joining a (1 1 1) facet with a truncation of
the cubo-octahedron of type (1 0 0) where there is a square
arrangement of atoms.
At the surface, interatomic distances are generally observed
to contract (Bergeret and Gallezot, 1989). This is a conse-
quence of the fact that bonds are broken at the surface. The
contraction between surface atoms and atoms in the immedi-
ately underlying plane depends on the coordination number
Z of the surface atoms, increasing as the coordination number
of the atoms decreases. This also has been shown for mono-
crystals, e.g., in nickel, the contraction is close to 10 % for
the (1 1 0) face where Z= 7 [11], whereas it is only 1–2%
for the close-packed (1 1 1) faces with Z= 9. The adsorption
of reactants will saturate any dangling bonds, which then
means that interatomic distances will return to values closer
to those measured in the bulk 3D crystal (Bergeret and Gall-
ezot, 1989).
3.1.3. Effect of size on melting temperature
The contribution of the surface to the energy of the system also
tends to facilitate melting as the system dimensions decrease.
The reduction in melting temperature has been observed exper-
imentally in several cases (Buffat and Borel, 1976) and has
been predicted in many theoretical studies. The physical reason
for this reduction can be explained qualitatively by the Linde-
mann criterion, which stipulates that a bulk material will have
melted when ﬂuctuations (due to the temperature) in inter-
atomic distances reach a certain value, viz., about 10% of
the lattice parameter. If this criterion is assumed to remain va-
lid for nanosystems, it is clear that the many surface atoms,
being less restricted in their thermal motions, will ﬂuctuate
more easily spatially, thereby lowering the melting tempera-
ture. For example, Buffat and Borel have shown by electron
diffraction that a 2-nm gold particle melts at 573 K, i.e., at a
temperature 700 C lower than solid gold. This property is
only very rarely considered with regard to the reactivity of
small metal particles. However, it may lead to quite unex-
pected consequences in reactions occurring at high tempera-
tures, carried out below and/or above the meltingtemperature. Hence, the different morphologies of carbon
nanotubes formed by catalytic decomposition of polyethylene
at 700 and 800 C are explained by the fact that the nickel cat-
alyst particles go from the solid to the liquid state between
these two temperatures (Kukoviltsky et al., 2003). Another
important consequence in catalysis is the greater mobility of
smaller supported particles in the various heat treatments (cal-
cination, reduction and reaction) of catalysts and hence a
greater tendency to sintering, an undesirable effect in catalysis
(Jellinek and Acioli, 2002).
3.2. Electronic properties
There are two different ways to assess the properties of clusters
with dimensions between the simple atom and the macroscopic
crystal. Small clusters are treated theoretically as large mole-
cules and the techniques of quantum chemistry are brought
to bear to describe their magnetic, optical and electronic prop-
erties. Larger particles are often treated as part of the bulk
material, speciﬁc electronic properties being related to the large
proportion of surface atoms and their positions at the surface
of the nanoparticle. Very small metal clusters exhibit charac-
teristics that change radically and rapidly with size.
As regards electronic properties, the ﬁrst task is often to
identify the size, or size range, at which the metal–insulator
transition occurs. To answer this question, the energy differ-
ence between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) is tradi-
tionally considered to be analogous to the band gap separating
valence and conduction bands in the bulk material. The reduc-
tion in the HOMO–LUMO energy difference down to a value
close to zero is thus commonly taken to indicate the transition
to the metallic state. A fast overall decrease is indeed observed
in the HOMO–LUMO gap, even though this decrease is far
from monotonic and depends to a large extent on the exact
number of atoms contained within the structure. For larger
clusters, the variation in electronic characteristics becomes
monotonic, and more importantly, more gradual. The overall
properties now tend slowly towards those of the bulk solid,
and understanding the electronic properties of active sites re-
duces to understanding the electronic structure of surface
atoms. It should also be noted that the ﬁne structure of the va-
lence band undergoes further modiﬁcations depending on the
coordination number. Local electronic densities are, therefore,
modiﬁed by the different coordinations of surface atoms, lead-
ing to differences in reactivity. Indeed, as has been shown by
several groups (Jellinek and Acioli, 2002; Rodriguez and
Goodman, 1992; Hammer et al., 1996, 1997; Chiang and
Wu, 2010), the position of the centre of gravity of the band
is an extremely important parameter as regards the interaction
between the surface and the molecular orbitals of adsorbates,
partly through the donation of electrons from ﬁlled orbitals
of the molecules to the surface, and partly through back-dona-
tions of electrons from the solid to the antibonding orbitals of
the molecule.
3.3. Support effects
The presence of a support can inﬂuence particle morphology.
While cubo-octahedral particles are generally formed, particles
interacting with a support can assume different equilibrium
350 N. Raman et al.shapes from those expected for the free nanoparticles of the
same size. The interaction with the support depends on the me-
tal–support pair. Two effects are, therefore, expected, depend-
ing directly on this interaction. Electron transfer to or from the
support, so that the particles have either an excess or a deﬁcit
of electrons and consequently have less tendency to accept or
donate electrons, respectively. Epitaxial stresses can modify
the particle structure, the lattice parameter, and/or the particle
morphology. These effects will be more marked for smaller
particles and will of course modify their properties with regard
to chemical reactivity (Bertolini, 2000).
3.4. Geometric effects
Geometric effects are related on the one hand to dilution of an
active metal by a less active metal with respect to some given
reaction (dilution effect) and on the other hand to structural
changes, such as the appearance of an ordered arrangement
of the partners at the surface (surface structures) and/or sur-
face reconstructions. The dilution effect can change the distri-
bution of sites on the surface compared with the distribution
for pure metals (ensemble effect), but it can also modify the
interactions between molecules adsorbed on the surface. One
consequence of this ensemble effect is to eliminate all catalytic
reactions that require a large number of contiguous atoms of
the same kind as the active site, while other reactions are con-
siderably less affected. The ensemble effect can thus be decisive
for controlling the selectivity of a catalytic reaction (Bertolini,
2000; Kobozev, 1938; Boronin and Poltorak, 1967).
3.5. Electronic effects
This refers to electronic modiﬁcations induced either by inter-
action between the two metals, e.g., formation of a chemical
bond between the two partners, charge transfer, polarisation,
etc., or by the stress exerted on the catalytically relevant metal
by its partner. Once again, these inﬂuences will modify the va-
lence orbitals of the surface sites of the catalyst, and hence also
the interactions between the molecular orbitals of the reactants
and the reaction products. Most fundamental studies regard-
ing electronic effects are carried out on alloy monocrystals
or on metal monolayers deposited on a metallic substrate. In
this case, the electronic properties of surface atoms, the main
actors in catalytic reactions, can be probed and dilution effects
neglected (Mavrikakis et al., 1998).
Variations due to tensional stress would appear to be asso-
ciated with a narrowing of the band width when the distance
between atoms decreases, followed by a change in the centre
of gravity of the band, and hence a change in interactions with
the reactants. The opposite happens for a compression stress
(Ruban et al., 1997; Pallassana and Neurock, 2000). All the
above considerations take into account the relative variations
in the energy position of the valence band with respect to the
Fermi level, in order to predict or explain the differences in
chemical reactivity as compared with the pure metals. How-
ever, in absolute terms, the Fermi level of the alloy differs from
that of the pure metals and this energy parameter must also be
taken into account, in addition to the relative variations of the
electronic band structure. This is a difﬁcult problem and often
neglected. As we have just seen, it is no easy matter to distin-
guish the various alloying effects (dilution effects and elec-tronic modiﬁcations induced by ligand effects and stresses)
occurring on model monocrystalline surfaces. The direct appli-
cation to real supported catalysts is greatly complicated by the
multiplicity of sites, not to mention in many cases heterogene-
ity of size and composition and an interaction with the support
that cannot be neglected (Bertolini, 2000).4. Conclusion
In this review, we brieﬂy described the processing methods,
which provide different synthetic routes with advantages and
some disadvantages and the reactivity of the different nano-
composites which revealed their structural behaviour. In addi-
tion, the ultimately attainable stress for nanocomposites was
much higher than that of microcomposites. All properties var-
ied monotonously with the inorganic ﬁller content. The
mechanical properties of nano-structured composites were re-
ported in several studies. As expected, very high hardness
was achieved with the ultraﬁne grained microstructure. This
enhancement in ﬂexural properties is attributed to the good
dispersibility and strong interfacial bonding between the func-
tionalized CNTs and the polymer matrix. The developments in
nano-structured conducting polymers and polymer nanocom-
posites have large impact on biomedical research. Signiﬁcant
advances in the fabrications of nanobiosensors/sensors using
nano-structured conducting polymers are being persistently
made (Adame and Beall, 2009).
The addition of CNTs improves the elastic modulus,
strength, and fracture toughness of the polymeric matrices,
especially at low CNT loadings. The addition of CNTs im-
proves the fatigue life of glass/epoxy composites. Processing
of nanocomposites with high nanotube loadings (>5 wt.%
for MWCNTs and >2 wt.% for SWCNTs) is very challenging
and inadequate resin impregnation may be partially responsi-
ble for the decrease or lack of improvement in composite
mechanical properties. CNTs are highly effective in enhancing
the electrical conductivity of polymeric matrices. MWCNTs
seem to have the highest potential in improving the thermal
conductivity of epoxy and PMMA, but CNTs overall have
very limited potential in this regard. Hybrid graphitic nano-
platelet and CNT ﬁllers may offer enhanced thermal conduc-
tivity. Adding small amount of CNTs in advanced ﬁbre
composites can achieve electrically conductive network and
serve as a tool for in situ sensing.
A developed effective medium approximation (EMA) ap-
proach for estimating the effect of porosity on the thermal
conductivity of SPS consolidated SiCp/Al composites was
established. The present model gave predictions quite close
to those obtained by an existing model of two-step Hassel-
man–Johnson approach. With the help of the pertinent
materials parameters, both models gave a fairly well descrip-
tion to the experimental data, especially for the composites
with porosity below 10%. At high levels of porosity the
model predictions were slightly higher than the experimental
values. The present work also gave the fast and efﬁcient
ways to determine the materials parameters that seem not
to be measured directly via appropriate experimental tech-
niques. This work further generalized two models to describe
the thermal conductivity behaviour for the porous compos-
ites with a multimodal size distribution or multiphase rein-
forced mixtures.
Synthesis and structural reactivity of inorganic–organic hybrid nanocomposites – A review 351Finally, nanocomposites present concurrent improvement
in various material properties at very low ﬁller content. Mul-
ti-functional textile structural composites may be developed
by hybridizing small quantities of CNT yarns with traditional
reinforcements using textile forming techniques. Since nano-
composites usefulness is no longer in question, more and more
reports are focused on application aspects in the environment,
packaging, agriculture devices, biomedical ﬁelds, etc. More-
over, since industry is concerned with sustainable
developments, this will allow strong developments of nano-
composites. Future work will address valuable insight into
new methods of nanocomposites designed to establish new ap-
proaches to tailor novel nano-architectures. It is concluded
that new technologies require materials showing novel proper-
ties and/or improved performance compared to conventionally
processed components.Acknowledgements
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